Abstract. The aim of the present study was to examine the production efficiency of cloned pigs by serial somatic cell nuclear transfer (SCNT) and to ascertain any changes in the telomere lengths of multiple generations of pigs. Using fetal fibroblasts as the starting nuclear donor cells, porcine salivary gland progenitor cells were collected from the resultant first-generation cloned pigs to successively produce second-and third-generation clones, with no significant differences in production efficiency, which ranged from 1.4% (2/140) to 3.3% (13/391) among the 3 generations. The average telomere lengths (terminal restriction fragment values) for the first, second and third generation clones were 16.3, 18.1 and 20.5 kb, respectively, and were comparable to those in age-matched controls. These findings suggest that thirdgeneration cloned pigs can be produced by serial somatic cell cloning without compromising production efficiency and that the telomere lengths of cloned pigs from the first to third generations are normal. Key words: Aging, Pig cloning, Progenitor cell, Somatic cell nuclear transfer (SCNT), Telomere (J. Reprod. Dev. 54: [254][255][256][257][258] 2008) ince the birth of the first cloned sheep, more than 10 animal species have been cloned by SCNT [1] . However, various questions and problems remain with regard to production of somatic cell clones and practical application of cloning techniques. For example, abnormal development of cloned fetuses, anatomical abnormality of cloned offspring, postpartum mortality and low production efficiency of healthy clones are problems commonly encountered with all animal species [2] [3] [4] .
(J. Reprod. Dev. 54: [254] [255] [256] [257] [258] 2008) ince the birth of the first cloned sheep, more than 10 animal species have been cloned by SCNT [1] . However, various questions and problems remain with regard to production of somatic cell clones and practical application of cloning techniques. For example, abnormal development of cloned fetuses, anatomical abnormality of cloned offspring, postpartum mortality and low production efficiency of healthy clones are problems commonly encountered with all animal species [2] [3] [4] .
Somatic cell cloning comprises replication of an individual animal. It is of considerable biological significance to ascertain the capability of SCNT technology in producing multiple generations of clones, namely, sequential cloning of cloned animals. To date, mice have been cloned up to six generations [5] , while cows have been cloned up to two generations [6] .
Serial cloning of pigs has practical implications in producing genetically engineered animals. Genetically modified pigs such as alpha 1,3-galactosyltransferase-knockout pigs [7] [8] [9] [10] [11] [12] [13] [14] and those with a n-3 fatty acid desaturase gene [15] have been produced using serial cloning technology. In this context, multiple generations of clones up to the third generation have been reported in pigs [16, 17] . On the other hand, studies have found that serial cloning causes the accumulation of epigenetic modifications that result from the SCNT procedure [3, 18] . Indeed, the production efficiency of clones has been reported to decrease as the number of serial clonings increases [5, 6, 17] .
Telomere shortening is another form of genetic modification resulting from the somatic cell cloning procedure [19] [20] [21] [22] [23] [24] . However, serial somatic cell cloning has been shown to not cause telomere shortening in mice [5] and cows [6] . The changes in telomere length involved in serial pig cloning have yet to be determined.
The present study investigated serial porcine somatic cell cloning and the changes in telomere length associated with such serial cloning. Starting with fetal fibroblasts, porcine salivary gland progenitor cells (pSGPs) were collected from a cloned pig to produce the next generation of cloned pigs. A third-generation of cloned pigs was successfully produced without compromising production efficiency, and the telomere lengths of the cloned pigs in each generation were measured.
Materials and Methods

Animal care
All animal experiments in this study were approved by the Institutional Animal Care and Use Committee of Meiji University (IACUC-03-005).
Chemicals
Chemicals were purchased from Sigma-Aldrich Chemical (St.
Louis, MO, USA) unless otherwise indicated.
Preparation of donor karyoplasts
Fetal fibroblasts and pSGPs were used as nuclear donor cells for SCNT. Primary culture of fetal fibroblast cells was established from a day-30 female porcine fetus using a routine cell culture method. The cells were cultured in high-glucose Dulbecco's Modified Eagle Medium (DMEM; GIBCO-Invitrogen, Grand Island, NY, USA) supplemented with 15% fetal bovine serum (FBS, GIBCO) at 37 C in a humidified atmosphere of 5% CO2 in air.
Isolation of pSGPs was performed as described previously [25] [26] [27] . Briefly, the main submaxillary salivary glands were removed from a female cloned pig after exsanguination under general anesthesia, minced and then incubated with EGTA buffer [28, 29] . The minced tissue was gently digested by DMEM/F12 1:1 (GIBCO) containing 1.67 mg/ml collagenase (GIBCO) and 1.33 mg/ml hyaluronidase (Nacalai Tesque, Kyoto, Japan) and then dispersed into single cells with a dispersion medium containing 1.67 mg/ml dispase (GIBCO) in DMEM/F12 1:1. Isolated cells (3-6 × 10 6 cells/100-mm dish) were cultured on a type I collagen-coated dish (Asahi Techno Glass, Chiba, Japan) using Williams medium E (GIBCO) containing 10% FBS, 20 ng/ml recombinant human epidermal growth factor (EGF), 10 -6 mol/L dexamethasone, 100 U/ml penicillin G and 100 μg/ml streptomycin (GIBCO). The resulting anchorage independent cells appearing on a thin cell layer were recovered according to the criteria of Matsumoto et al. [25, 26] and seeded in a type I collagen-coated dish for proliferation. The resulting cells were used as nuclear donor cells.
Somatic cell nuclear transfer and transfer of cloned embryos
SCNT was performed using in vitro matured (IVM) oocytes as recipient cytoplasts, as described previously [27, [30] [31] [32] . Cumulus-oocyte complexes (COCs) were collected by aspiration from the antral follicles (3.0-6.0 mm in diameter) of ovaries collected at a local abattoir. The COCs were cultured in TCM 199 medium (Nissui Pharmaceutical, Tokyo, Japan) supplemented with 0.6 mM cysteine, 10 ng/ml EGF, 10% (v/v) porcine follicular fluid, 5 mM hypotaurine, 0.91 mM Na pyruvate, 3.05 mM D-glucose, 75 μg/ml potassium penicillin G, 50 μg/ml streptomycin sulfate and 10 IU/ ml equine chorionic gonadotropin (eCG; Teikoku Hormone Medical, Tokyo, Japan) and human chorionic gonadotropin (hCG; Teikoku Hormone Medical). The COCs were cultured for 22 h with eCG / hCG and then for 18-20 h without these hormones in a humidified atmosphere of 5% CO2, 5% O2 and 90% N2 at 38.5 C.
IVM oocytes were enucleated by aspirating the first polar body and adjacent cytoplasm using a bevelled pipette (30 μm in diameter) in Tyrode's lactose medium supplemented with 10 mM Hepes and 0.3% (w/v) polyvinylpyrrolidone (Hepes-TL-PVP) containing 0.1 μg/ml demecolcine, 5 μg/ml cytochalasin B (CB) and 10%
FBS. Any protrusion observed on the surface of an oocyte was removed along with the polar body. Fetal fibroblasts and pSGP cells were used as nuclear donors after cell cycle synchronization by serum starvation for 48 h. A single donor cell was inserted into the perivitelline space of an enucleated oocyte. Donor cell-oocyte complexes were placed in a 280 mM mannitol (Nacalai Tesque) solution (pH 7.2) containing 0.15 mM MgSO4, 0.01% (w/v) PVA and 0.5 mM Hepes and were held between two electrode needles. Membrane fusion was induced using an SSH-1 somatic hybridizer (Shimadzu, Kyoto, Japan) by applying a single direct current (DC) pulse (200 V/mm, 20 μs × 1) and a pre-and post-pulse alternating current (AC) field of 5 V, 1 MHz, for 5 sec. Reconstructed embryos were cultured in NCSU23 for 1-1.5 h and then subjected to electrical activation with a single DC pulse of 150 V/mm for 100 μs in an activation solution consisting of 300 mM mannitol, 0.05 mM CaCl2, 0.1 mM MgSO4 and 0.01% PVA (300 mOsm). Activated oocytes were treated with 5 μg/ml CB for 3 h to suppress extrusion of a pseudo-second polar body.
Cloned embryos were cultured for 1 or 2 days prior to transfer to recipients in modified NCSU23 supplemented with 4 mg/ml BSA and 0.5 mg/ml hyaluronic acid [33] . NCSU23 medium was modified by addition of 0.17 mM sodium pyruvate and 2.73 mM sodium lactate instead of D-glucose [34] , and the osmolality of the medium was adjusted to 290 mOsm [35] .
Prepubertal gilts weighing 100-105 kg were used as recipients of SCNT embryos. The gilts were treated with intramuscular injections of 1,000 IU eCG and 1,500 IU hCG 71 h apart to induce estrus. Cloned embryos were surgically transferred into the oviducts of recipients 48 h after the hCG injection.
Terminal restriction fragment (TRF) assay
Telomere length was measured for 1 first-generation pig (G1, age: 19 months), 7 second-generation pigs (G2, age: 13 months), 1 third-generation pig (G3, age: 4 months) and 15 naturally produced non-cloned pigs (age: 1-35 months, females). A blood sample was collected from each pig, and a Genomix kit (Talent, Trieste, Italy) was used to extract DNA. Telomere length was measured using the TRF assay [36] . Each DNA sample (50 μg) was allowed to react with 50 units each of Hinf1 and Rsal (Takara Biomedicals, Shiga, Japan) at 37 C for 2-3 days. Completely digested DNA fragments were subjected to pulse-field electrophoresis (6 V/cm with a 0.8 sec initial switch time and 0.8 sec final switch time at 14 C for 20 h) using 1% (w/v) SeaKem GTF agarose gel (Takara Biomedicals). DNA fragments in the agarose gel were denatured (0.25 N HCl), neutralized (0.4 N NaOH) and then transferred to a nylon membrane for 24 h at room temperature (Hybound-XL; Amersham Pharmacia Biotech, Oakville, Canada). A [
32 P]-dATP-labeled telomere probe was purified using a Sephadex spin column (G-25 Micro Columns; Amersham Pharmacia Biotech). The membrane with the transferred DNA fragments was placed in a hybridization buffer (modified Church buffer: 1% BSA, 7% sodium dodecyl sulfate (SDS), 1 mM EDTA, 0.5 M NaHPO4, pH 7.2) containing the [ 32 P]-dATP-labeled telomere probe and incubated for 6 h at 42 C. After incubation, the nylon membrane was removed and washed for approximately 15 min using 0.1% SDS and 0.5 × standard sodium citrate at 42 C. DNA fragments that specifically bound to the [ 32 P]-dATP-labeled telomere probe were detected by autoradiography.
Using signals originating from smeared telomeres, the Quantity One software (Bio-Rad, Hercules, CA, USA) was used to determine telomere length. With each sample, the highest signal was used to determine the telomere length, which then served as the mean telomere length.
Statistical analysis
For proportional data, differences between groups were analyzed using the χ 2 test. For the body weights of the cloned piglets, differences between cloned generations were determined by Student's t-test. The level of significance was set at P<0.05.
Results and Discussion
Production of third-generation cloned pigs by serial SCNT
First-generation cloned pigs (G1) were produced using fetal fibroblasts as the nuclear donors. When a G1 pig reached 4 weeks of age, pSGPs were collected and used as nuclear donor cells for production of second-generation cloned pigs (G2). When G2 pigs reached 4 weeks of age, pSGPs were collected for production of the third-generation cloned pigs (G3). Table 1 summarizes the clone production efficiencies and piglet body weights of each generation. In terms of G1 production, a total of 215 embryos were prepared by nuclear transfer using fetal fibroblasts and were transferred to 2 recipients. One became pregnant and delivered 2 live piglets (Fig. 1A) . A total of 391 embryos were prepared by nuclear transfer using G1 pSGPs and transferred to 3 recipients (130 embryos per recipient). All 3 recipients became pregnant and delivered 13 cloned pigs in total (G2; Fig. 1B) , including 2 stillborn piglets. Finally, a total of 298 embryos were prepared by nuclear transfer using G2 pSGPs and were transferred to 3 recipients. Two became pregnant and delivered 4 cloned pigs (G3; Fig. 1C ), including 2 stillborn piglets.
Among the above-mentioned 6 recipients that delivered cloned piglets, the ratio of offspring obtained to the total number of transferred embryos ranged from 1.4% (2/140) to 3.3% (13/391) for G1 to G3, with no significant differences apparent among the 3 generations. The results suggest that serial nuclear transfer can produce cloned pigs without compromising production efficiency.
The G2 and G3 cloned pigs were produced using pSGPs [25, 26] as nuclear donor cells in SCNT. As reported by Matsumoto et al. [25, 26] , pSGPs are pluripotent endodermal tissue progenitor cells that produce albumin and insulin after differentiation into hepatic and pancreatic lineages. At this point in time, the advantages of using pluripotent tissue progenitor cells as donor cells in SCNT have not been fully clarified [27, [37] [38] [39] [40] [41] [42] , but pSGPs are considered promising donor cells for efficient production of cloned pigs.
A microsatellite analysis was conducted by sending samples obtained from the cloned pigs, donor cells and recipients to a company that specializes in porcine parentage verification (Prescribe Genomics, Ibaraki, Japan), and the results confirmed that the piglets were clones of the donor cells (data not shown). Except for some piglets that died immediately after delivery, the G1, G2 and G3 cloned pigs developed normally. One G1 pig was followed to 20 months of age, 7 G2 pigs were followed to 18 months of age and 1 G3 pig was followed to 14 months of age: however, no developmental abnormalities or illnesses were observed. In particular, 3 of the 4 G2 pigs used in the breeding test at 18 months of age became pregnant and carried 4-9 healthy fetuses (autopsied to recover the fetuses 55-100 days after transfer). In the other 3 pigs, blood tests conducted at 17 months of age revealed that their blood cell counts and biochemical profiles were normal [43] .
Studies have shown that the frequency of various genetic abnormalities is high in cloned cows produced by SCNT [2, 44, 45] , thus hindering commercial usage of cloned cows. Various genetic abnormalities in cloned pigs have also been reported, though the incidence is considered lower [4] when compared to cows. Future studies are needed to ascertain the upper limit of serial cloning beyond 3 generations.
Telomere length analysis in cloned pigs produced by serial nuclear transfer
Blood samples were collected from G1, G2 and G3 pigs at 19, 13 and 4 months of age, respectively, to measure telomere length in blood cell DNA. For comparison, blood samples were collected from 15 naturally produced non-cloned pigs ranging from 1 to 35 months of age. For non-cloned pigs, telomere length decreased with age from 23.3 kb at 1 month of age to 12.2 kb at 35 months of age (Fig. 2) . Telomere lengths for the G1, G2 and G3 cloned pigs were 16.3 kb (n=1), 18.1 ± 0.2 kb (n=7) and 20.5 kb (n=1), respectively, and these TRF values were comparable to age-matched controls (17.1 ± 0.1 kb, 18.4 ± 0.2 kb and 22.1 ± 0.4 kb). Serial cloning, thus, did not cause telomere shortening. The telomere length of each cloned pig was within the previously reported normal ranges for pigs [46] [47] [48] .
In recent years, studies have measured telomere length in cloned animals and reported that compared with age-matched controls, the telomere lengths of cloned animals are shorter [19] [20] [21] [22] [23] [24] , comparable [6, [48] [49] [50] or longer [5, 20, 51, 52] . As a result, no clear conclusions have been reached regarding the issue of telomere length in cloned animals.
The telomere lengths of pigs cloned by SCNT are reportedly comparable [48] or longer [52] compared with age-matched controls. The present study of recloned pigs showed that serial nuclear transfer did not evidently cause telomere shortening. Although statistical analysis could not be performed among the 3 generations of clones due to the small numbers of G1 and G3 clones, the telomere length of the G3 clone (4 months old) appeared longer than those of the G2 clones (13 months old) or G1 clone (19 months old), suggesting that telomere length is affected more potently by age than by the number of clonal generations.
The present study demonstrates that normal G3 cloned pigs can be produced by serial nuclear transfer of somatic cells collected from animals post weaning without compromising production efficiency. Since pigs are extremely valuable large experiment animals, the significance of being able to produce pigs with the same genetic backgrounds by serial cloning is very high. Furthermore, the results suggest that the telomere length was normal for the cloned pigs in each generation. Questions such as "How many generations of somatic cell clones can be produced?" and "Does serial somatic cell cloning cause telomere shortening?" can thus be answered with greater biological certainty by gathering more data from various different animal species. naturally produced pigs at different ages. The figure shows the telomere lengths for a 19-month-old G1 pig (square, n=1), 13-month-old G2 pigs (rhombus, n=7), a 4-month-old G3 pig (triangle, n=1) and naturally produced pigs ranging in age from 1 to 35 months (circle, n=15).
